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FIG. 1. Serum cholesterol level after 35 weeks on the diet vs degree of aortic atherosclerosis.
The data suggest that the rabbits may represent 3 different populations of varying degrees of
susceptibility.
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Interaction of the Lathyrogen Beta-Aminopropionitrile (BAPN) with a
Copper-Containing Amine Oxidase.* (31763)
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Lathyrogens appear to exert their effect on
connective tissues by inhibiting the produc-
tion of new covalent crosslinks in collagen and
elastin(1,2,3). The excess soluble collagen

* Supported by USPHS grants 5-T1-100-07,08 and
R01-03174-09.

which accumulates in the tissues of experi-
mental animals after administration of lathy-
rogens seems to be intrinsically normal, but
is deficient in aldehyde content(4,8). Sub-
stances which are thought to be the covalent
interchain crosslinks of elastin and the intra-
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molecular crosslink of collagen have recently
been isolated and partially characterized.
These compounds derive from lysine, and
their formation appears to follow oxidative
deamination of lysyl side chains(5-8), pre-
sumably by a copper-containing amine oxi-
dase(8). There is evidence suggesting that
this deamination is impaired in the lathyritic
animal(4,8), and it appears likely that lathy-
rogens may function by inhibiting the amine
oxidase activity which is apparently neces-
sary for crosslink formation.

In the absence of direct access to the en-
zyme presumably involved in crosslink forma-
tion and in order to test this hypothesis, we
have examined the activity of pig plasma
amine oxidase with respect to a lathyrogen.
The plasma enzyme contains copper and pos-
sesses many other characteristics expected of
the proposed connective tissue oxidase(9-13).

Methods. The method of Yamada and
Yasunobu(13) was followed throughout the
collection and preparation of plasma and pre-
cipitation of the enzyme with ammonium sul-
fate. Activity was assayed by the spectro-
photometric method of Weissbach et al(14)
using kynuramine as substrate. Incubation
mixtures contained 0.5 ml of whole citrated
plasma or ammonium sulfate-prepared en-
zyme, 0.15 mMole of sodium phosphate buf-
fer pH 7.4, 0.3 uMole of kynuramine and
water to 3.0 ml. All solutions were made up
in ion-free water. Triplicate incubations were
carried out in a circulating water bath at
37°C for one hour in glass-stoppered, 3 ml
cuvettes. Control cuvettes contained all of
the ingredients except substrate. The change
in absorbence at 360 mp was read in a spec-
trophotometer at 10-minute intervals and the
amount of substrate used calculated, using
the molar absorptivity of kynuramine of
3,520. Protein concentration was determined
by the method of Waddell(15). One unit of
enzyme activity was defined as the amount
necessary to catalyze a change of 0.001 ab-
sorbence unit per minute under the assay con-
ditions noted. The enzyme used in the ex-
periments to be reported was purified 4- to
6-fold.

Inhibition studies were carried out under
the conditions described above, except that in-
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cubation mixtures contained 1.9 units of en-
zyme, 3 to 300 pMoles of beta aminopropio-
nitrile HC1 (BAPN) and the amount of sub-
strate was varied from 0.06 to 0.6 pMole.
Solutions of kynuramine and BAPN HCl were
adjusted to neutrality with NaOH prior to
use. Three to four separate incubations were
made for each concentration of substrate and
inhibitor and the mean value used to calculate
the slopes and intercepts of a reciprocal plot
from which the kinetic constants were ob-
tained.

Manometric assay of the enzyme was car-
ried out in the Warburg apparatus at 37°C.
Each flask contained 8.7 units of enzyme, 5
to 50 pMoles of BAPN HCI, 60 pMoles of
potassium phosphate buffer pH 7.2 and water
to 2.9 ml. In order to trap liberated ammonia,
the center well contained 0.1 ml of 2%
sodium borate pH 5.1 prepared according to
Conway (16). Ammonia production was de-
termined by microdiffusion and titration.

The protein of incubation mixtures from
the manometric studies was precipitated by
addition of an equal volume of 25% TCA
and the mixtures clarified by centrifugation
at 15,000 X g for 30 minutes. Spectra (Fig.
2) were obtained on portions of this super-
natant. The supernatants were examined for
cyanoacetaldehyde by the azobenzenephenyl-
hydrazine sulfonic acid spot test(17) and
tested for phenylhydrazone formation by the
method of Blaschko ef @¢/(10). The incuba-
tion mixtures were tested for cyanoacetic acid
content by the colorimetric method of Sievert
et al(18).

A batch procedure was used to produce
sufficient oxidation product for isolation. The
contents of this incubation mixture were iden-
tical to those used in the manometric assay
except that all ingredients were increased 10-
fold and 400 uMoles of BAPN were used.
The incubation mixture in a 125 ml flask was
perfused for 10 minutes with oxygen and
incubated overnight at 37°C in a metabolic
shaker. The protein was then precipitated
by addition of 6 volumes of ethanol and re-
moved by centrifugation at 15,000 X g for
30 minutes. The supernatant was dried n
vacuo and the residue taken up in methanol.
Upon addition of 3 volumes of dry ether at
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FIG. 1. A. Spectra of 129, TCA supernatants of
manometric incubation mixtures; B. same solutions
adjusted to pH 8.0 with NaOH; ( ) enzyme and
BAPN, (....) BAPN with no enzyme (----) en-
zyme with BAPN added just prior to protein pre-
cipitation.

0°C a yellow flocculent precipitate formed
and was removed by centrifugation. This
material was reprecipitated twice from meth-
anol and dissolved in dry 3% methanolic HC1
to yield a clear yellow, fluorescent solution
with a single absorption maximum at 370 mg.
Fluorometric studies were carried out on this
solution. The material was then precipitated
with ether and dried over calcium chloride.
About 15 mg of dry material was obtained.
Thin layer chromatography of the product
was carried out on silica gel H using butanol:
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acetic acid:water (12:3:4) as solvent and
stained with ninhydrin. Elemental analysis
of the material was done by the Schwarzkopf
Microanalytical Laboratory, N. Y.

Results. The effect of various concentra-
tions of BAPN HCl on the oxidative deamina-
tion of kynuramine by pig plasma amine oxi-
dase is illustrated in Table I. Concentrations
of BAPN HCI up to 5 mM progressively in-
creased Km but did not significantly alter
Vmax, while higher concentrations altered
both Km and Vmax. Therefore, concentra-
tions of lathyrogen below 10 mM appear to
inhibit enzyme activity competitively, while
higher concentrations inhibit by some other
mechanism. A concentration of 100 mM
BAPN HCl completely inhibited enzyme
activity.

A series of dialysis experiments was done
to determine if BAPN is irreversibly bound
to the enzyme. Enzyme with kynuramine sub-
strate was incubated for one hour in the
presence of 100 mM BAPN HCI, or in con-
trols with an ionic equivalent of BAPN in the
form of phosphate buffer, then dialyzed over-
night and again assayed. Control and BAPN-
incubated enzyme showed essentially the same
activity after dialysis, suggesting that the
lathyrogen, even at this high concentration, is
not irreversibly bound to the enzyme.

BAPN possesses an amino group which one
might expect to be suspectible to oxidative
removal by amine oxidase. The compound
was tested for substrate activity by following
oxygen consumption and ammonia production
in the Warburg apparatus. Oxygen was used
and ammonia produced; therefore, BAPN is
not only a competitive reversible inhibitor, it
forms a productive complex with the active
site of this amine oxidase.

TABLE I. Effect of Various Concentrations of

Lathyrogen on Kinetic Constants for Oxidative
Deamination of Kynuramine by Pig Plasma Amine

Oxidase.
mM lathyrogen Vmax,
concentration uMoles/min Km, mM
0 .70 31.3
1 70 37.0
5 74 92.5*
10 59% 101.6*

100 — =
*P <01, S
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Possible Product of Enzymatic Oxidative Deamination of BAPN
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BAPN is converted iz vivo to cyanoacetic
acid, presumably by oxidative deamination
and subsequent oxidation by aldehyde oxi-
dase(19). In spite of intensive efforts we
were not able to demonstrate either cyano-
acetic acid or cyanoacetaldehyde in the incu-
bation mixtures using BAPN as substrate. In
addition, BAPN was not consumed quanti-
tatively regardless of the incubation time, and
ammonia production was always about 15 to
25% less than expected from the oxygen
consumption.

The spectra of supernatants of the incuba-
tion mixtures containing BAPN as substrates
and of appropriate controls, shown in Fig. 1,
demonstrate the presence of a UV-absorbing
oxidation product. We have isolated and par-
tially characterized this product, and its prop-
erties are shown in Table II. This unstable
material when placed in solution in 3% meth-
anolic HCI absorbs maximally at 370 mu and
emits at 475 mu. It migrates on thin layer
silica gel as multiple ninhydrin positive spots.

FIG. 2.

Chromatograms of solutions of the material
in which breakdown has been allowed to occur
show the regeneration of a spot with the
migratory and staining characteristics of
authentic BAPN.

Discussion. The amine oxidase of pig plas-
ma was selected as a model of the proposed

TABLE II. Properties of the Product of Oxidative
Deamination of BAPN by Amine Oxidase.

1. Bright yellow eolor in visible light and fluores-
cent under UV light.
2. Unstable and apparently light-sensitive.
3. Absorption spectra:
(a) NaOH pH 8.0: maximum at 310 mp
(b) TCA12%: maxima at 290 and 355 my
(e¢) Ethanol: maxima at 278 and 320 my
(d) Ethanolic HCl: maximum at 370 my
4, Emission speetra: absorbs at 370 my and emits
at 475 my.
5. Nitrogen to carbon ratio of 0.64; no discrete
melting point.
6. Migrates on silica gel in both acidie and basic
solvents and stains red with ninhydrin.
7. Ammonia and unoxidized BAPN appear to be
bound in the eomplex.
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connective tissue amine oxidase. This appears
to be a logical choice since an enzyme of this
type has wide species distribution(10); it
will deaminate methyl-6-aminohexanoate, a
substrate resembling lysyl residues (unpub-
lished observations); and it functions opti-
mally near neutral pH and in an ionic and
protein environment comparable to that en-
countered in the connective tissues(9,11).
The enzyme contains copper(10,11,13), and,
in the copper-deficient pig, which exhibits
defects in crosslink formation in elastin, its
activity is dramatically decreased(12).

The proposed connective tissue amine oxi-
dase likely functions in the connective tissue
space in the presence of extraneous protein
largely derived from plasma(17). Conse-
quently, the enzyme used was purified only
4- to 6-fold since all we desired was increased
activity for ease of measurement.

The data presented show that BAPN in-
hibits the activity of the enzyme competi-
tively and reversibly and forms a productive
complex with the active site of the enzyme.
The apparent affinity of the enzyme for
BAPN is in the direction and order of mag-
nitude expected of a competitive enzyme in-
hibitor. The large size and possible particu-
late nature of collagen and elastin provide
factors which would reduce the collision fre-
quency of the enzyme with its substrate and
favor the action of small-size compounds such
as BAPN as a competitor and inhibitor of
oxidative deamination.

The fact that neither cyanoacetic acid nor
cyanoacetaldehyde could be detected in the
incubation mixtures using BAPN as substrate
either with the highly sensitive spot test used
or by phenylhydrazone formation is at first
puzzling. The further findings that a signifi-
cant portion of the ammonia produced by
the reaction cannot be recovered and that a
product can be isolated which is unstable
and upon breakdown gives rise to a material
with the chromatographic and staining prop-
erties of authentic BAPN are compatible with
the formation iz vitro of a condensation prod-
uct containing cyanoacetaldehyde, ammonia
and BAPN. There are several possible struc-
tures for such a product. However, the data
presented above, along with the UV-absorp-
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tion and fluorescence spectra, the instability,
and nitrogen to carbon ratio, lead us to pro-
pose a structure of the type presented in Fig.
2. This compound is one of several possible
compounds and is shown only to illustrate the
type of structure we believe may be present.

The properties of the compound we have
isolated, and the fact that iz vive BAPN is
converted to cyanoacetic acid, suggest the
existence of a highly reactive aldehyde inter-
mediate in BAPN metabolism which is cap-
able of undergoing condensations with amines.
This provides another possible way in which
BAPN could prevent collagen or elastin cross-
linking. Cyanoacetaldehyde could undergo
Schiff base formation with functional lysyl
amino groups of collagen and elastin mole-
cules and block further enzyme activity, or
BAPN may undergo the same type of reaction
with previously produced aldehydes which
have not yet undergone condensation. Al-
though it has been reported that when labeled
BAPN is administered to experimental ani-
mals significant amounts of radioactivity are
not recovered in the extracted, purified colla-
gen(20), more recent data(21) indicate that
Schiff bases of the type proposed are unstable
in some cases under the conditions used in
the isolation and purification of collagen in
these experiments.

Summary. Pig plasma amine oxidase, an
enzyme thought to closely resemble the oxi-
dase functional in collagen and elastin cross-
linking, was assayed in the presence of a
lathyrogen. BAPN was shown to inhibit en-
zyme activity competitively and reversibly
and to form a complex with the active site
of the enzyme. The product of the enzymatic
oxidative deamination of BAPN was isolated
and partially characterized. Its properties in-
dicate the existence of a highly reactive alde-
hyde intermediate in BAPN metabolism. The
data presented suggest two likely alternatives
for the mechanism of action of BAPN. (a)
BAPN may compete with native substrate
molecules for the active site of the amine oxi-
dase functional in crosslinking, or (b) BAPN
or a highly reactive aldehyde derived from
BAPN by the action of amine oxidase may
react with the functional groups of strategic
lysy! side chains of collagen and elatstin and
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block enzyme activity and crosslink formation.
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helpful discussions with Dr, David Lagunoff and the
expert technical assistance of Miss Karen Wick.
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Experimental lathyrism is a disease of con-
nective tissues, characterized by the occur-
rence of hernia, aneurysm, and skeletal de-
formity(1). Underlying the disease is a dra-
matic increase in the amount of soluble colla-
gen present in the tissues, apparently result-
ing from a decreased degree of covalent, inter-
chain crosslinking(2,3). A similar defect ap-
pears to occur in elastin.

One of the basic problems concerning this
disease has been the question of whether lath-
yrogens inhibit new crosslink formation or
cause a rupture of previously-formed cross-
links. The answer to this question is im-
portant since it will determine how and where
one looks for the molecular defect. Tracer
kinetic analysis has been used but the results

* Supported by USPHS Grants 5-T1-100-07 and
R01-HE-03174-09.

have led to conflicting conclusions(4,5). This
problem was partially resolved by determin-
ing the relative rates of accumulation of sol-
uble, insoluble, and total collagen in whole
normal and lathyritic chick embryos(6). The
data showed that the most likely source of
lathyritic collagen is newly aggregated fibrils
synthesized after lathyrogen administration.
Therefore, lathyrogens seem to exert their
effect on connective tissues by causing inhi-
bition of new covalent crosslink formation
rather than by rupturing previously-formed
crosslinks.

There appear to be two likely mechanisms
by which lathyrogens may inhibit the forma-
tion of new covalent crosslinks. (a) Lathyro-
gens may induce structural defects in the
crosslinking portion of collagen and elastin
molecules, or (b) they may affect a compo-





